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Summary 

Proper limb growth and patterning '^ g J^ 
from the zone of po.artz.ng activity 
mesoderm and from the «"^J^j££K? 
ridge (AER). Sonic hedgehog and FgM, 

have reentry been Identlf tad as cand 
S igru..s.Wehavedl 6 sectedtheroi e 9ome» S «creted 

prote-m6lneariylimbdevelopmentbyectop.ca.lyreflu. 

Our results indicate that Son/c Hedgehog 
pLaton of secondary signaling ^leculeajncludlng 
Lp-2 in the mesoderm and *M In the ectoderm -The 
mesoderm requires ectodermallydenved competence 

factors, which Inciude Fgf-4, to activate target g ene 
expression in response to Sonic ^ eh ° 9 Y^^' 
presslon of Son/c hedgehog and PgM .a coord« 
regulated by a positive feedback loop opera^ be- 
tween the posterior mesoderm and the overlying AER. 

standing the integration of growth and patterning in 

the developing limb. 

Introduction 

Sonic hedgehog encodes a key inductive signal used I in 
patterning several different embryonic structures nclud 
°ng the neural tube, the somites, and the itajtb bud (Echel- 
ard et al.. 1993; Krauas « al.. 1993; ^ * 
Roeiink et al.. 1994). In the limb bud. Son/c hedgehog 
appears to mediate the function ot the zone of pdandng 
activity (ZPA). a signaling center essential for limb pat 
Z g The ZPA I? operationally defined mii-JJ* 
posterior iimb bud mesoderm that, when transplanted un- 

margin of another limb bud. induces symmettcal dupta* 
tlonsofthenormallimbelementsreflectedaboutheante- 

ity) (Saunders and Gassellng. 1988; Tabm. 1991 , T.ckle, 

^iveralgenesthatmightnormaily be regulated ibySon/c 
hedgehog during iimb development have been .denWIed. 
TteHoZ 9 through Hoxd-13 genes are uanaenpton tec- 
tors expressed In a nested pattern initiating along the > pos- 
terior margin of the developing limb bud. and they are 
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Involved in regulating the pattern of chondr^en,c conden- 
sations in the limb (Izpisua-Belmonte et a I 1991; Yokou- 
chi et a!.. 1991; Morgan et al., 1992; Delia et al. 1993; 
Davis and Capecchi. 1994). Hoxd-11. -12, and -13 are 
known to be downstream of the ZPA because their expres- 
sion Is induced ectopically by ZPA grafts (Nohno et al.. 
1991; Koyamaet al.. 1993). Similarly, ectopic expression 
of Son/c hedgehog in the anterior limb bud is known to 
induce expression of HoxcM 1 and Hoxd- J3 (Riddle et al., 
1 993) H is not known whether the endogenous expression 
of these genes is induced by Son/c hetfgehog. Another 
gene that is downstream of the ZPA is Bmp-2 (Francs et 
a) 1994). This transforming growth factor P family mem- 
ber is normally expressed in the posterior mesoderm and 
is also ectopically induced by ZPA grafts. Since it is a 
secreted factor. Bmp-2 could function in limb patterning as 
a secondary signal elicited in response to Sonic hedgehog, 
although at present its role in this regard is unresolved 
(Niswander and Martin, 1993; Francis et al., 1994). 

While H has been generally assumed that the ZPA, and 
by extension Sonic hedgehog, acts directly on the meso- 
derm to specify Identity along the AP axis, the actual target 
cells of Sonic hedgehog protein have not been defined. 
Sonic hedgehog might act directly on the mesoderm, indi- 
rectly through the ectoderm, or through a combination of 
the two to specify mesodermal positional identities. Simi- 
larly it is not clear whether Sonicnsdgenog regulates gene 
expression only in those cells that bind Sonic hedgehog 
protein, or whether It acts indirectly through a cascade of 
secondary signaling molecules. 

Because of its dramatic effect on AP polanty, the ZPA 
has primarily been considered as a regulator of AP pattern^ 
However, the ectopic outgrowth induced by a ZPA gratt 
is also appropriately patterned along its proximal-d.stal 
(PD) axis. The control of outgrowth and PD patterning by 
the ZPA Is generally considered to be an indirect effect 
on the mesoderm, mediated through the AER, the other 

clearly defined signaling center in the limb. 
ThemorphologicallydistinctAERextendsanteroposter- 

torly along the distal margin of the bud. It has several func- 
tions, including regulating limb outgrowth and PD pattern. 
The AER sends mitogen* signals to the immediately sub- 
jacent mesodermal tissue, the progress zone, thereby In- 
ducing distal outgrowth of the limb bud. As limb outgrowth 
proceeds, the cells leavingthe progress zone arespecified 

to progressively more distal fates, resulting in establish- 
ment of the PD axis. The AER is additionally '^f ^' 
the maintenance of a functional ZPA (Todt and Fallon. 
ig87; Niswander et al., 1993; Vogel and Tickle. 1993). 

Most ot the properties of the AER seem to be conveyed 
by members of the fibroblast growth factor (FGF) family 
(reviewed by Laufer. 1993; Niswander et al., 1993; Vogel 
and Tickle. 1993; Fallon et al.. 1994). fgl-2 and FgM art 
expressed in the AER. and their proteins can functionally 
replace the AER to promote limb outgrowth and patterning 
as well as to maintain the ZPA (Niswander and Martin. 
1992; Savage et al., 1993; Fallon et al., 1994). However. 
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it is not clear which, H either, of these genes normally 
functions In these capacities. 

The ZPA region of the limb mesoderm is required during 
normal limb development to maintain and polarize the AER 
(reviewed by Tabin, 1891; Tickle, 1991). TTius, there af>- 
pears to be a signaling pathway from the ZPA to the AER 
in addition to the pathway from the AER that maintains 
the ZPA. The reciprocal dependence between the AER 
and the ZPA makes it difficult to dissect the mechanisms 
by which these signaling centers organize pattern. The 
ability to replace the ZPA with a source of Sonic hedgehog 
that is not dependent on the AER or to replace the AER 
with a source ot FGF that is not dependent on the ZPA 
allows us to manipulate the activity of the two signaling 
centers independent^. In this way, the mechanisms by 



which each acts and the interaction of these centers to 
generate pattern can be separately addressed at a molec- 
ular level. Here, we examine the interrelationship between 
Sonic hedgehog and fgf-4 and their potential targets, 
Bmf>2 and the Hoxd genes, in the limb buds ol normal 
and manipulated embryos to elucidate their roles in the 
regulation of limb pattern. 

We find that Sonic hedgehog generates secondary sig- 
nals in both the mesoderm (Bmp-2) and ectoderm {Fgf-4). 
Moreover. Fgf-4 produced by the AER affects ZPA fu notion 
in two ways: it Induces competence within the mesoderm 
required for gene induction by Sonic hedgehog, and it func- 
tions as part ot a positive feedback loop that maintains 
Some hedgehog expression. The use of a common signal, 
FGF, to induce proliferation, promote competence to re- 



04/17/02 WED 10:23 FAX 617^^ 6784 TREAEfWELL LIBRARY MG^ Ropes & Gray @004 

Sonte hedgehog and FGF Regulate Umb Patterning 
996 



spond to Sonic hedgehog, and to maintain Sonic hedgehog 
expression results in the coordination of patterning and 
outgrowth in the limb. 

Results 

Relationship ol Sonte hedgehog to Endogenous 
Bmp-2 and Hoxd Gene Expression 

The best candidates for genes regulated by Sonic hedge- 
hog in vivo ar© the distal members of the Hoxd gene clus- 
ter, Hoxr>9 through Hoxd-13, and Bmp-2. We analyzed 
the relative expression domains of these genes in chick 
limb buds. Hoxd-9 and Hoxd-10 are expressed throughout 
the presumptive wing field at stage 16 (Hamburger and 
Hamilton. 1951), prior to the first detectable expression 
of Sonic hedgehog at early stage 18 (Figure 1 A). Hoxd-1 1 
expression is first detectable at early stage 18, the same 
time as is Sonic hedgehog, in a domain coextensive with 
Sonic hedgehog. Expression of Hoxd-1 2 and Hoxd-13 
commences shortly thereafter. These results suggest that 
Sonic hedgehog normally induces, directly or indirectly, 
the expression of only the latter three members of the 
cluster even though all five are nested within the early 
limb bud. 

As limb outgrowth proceeds, Sonic hedgehog expres- 
sion remains at the posterior margin of the bud. In contrast, 
the Hoxd gene expression domains are very dynamic and 
lose their concentric nesting around the Sonic hedgehog 
expression domain. By stage 23, the Hoxd-1 1 domain ex- 
tends anteriorly and distally far beyond that of Sonic 
hedgehog, while Hoxd-13 expression becomes biased dis- 
tally but overlaps Sonic hedgehog (Figure 1B; Figure 2). 

While it is not clear whether Bmp-2 is expressed before 
Sonic hedgehog (see Francis et a!., 1994), Bmp-2 is ex- 
pressed in a mesodermal domain that apparently overlaps 
and surrounds that of Sonic hedgehog at the earliest stages 
of Sonic hedgehog expression. As the limb bud develops, 
the mesodermal expression ol Bmp-2 remains near the 
posterior limb margin and is centered around that of Sonic 
hedgehog, but in a domain larger than that of Sonic hedge- 
hog (9ee Figure 1 B; data not shown). This correspondence 
between Sonic hedgehog and 8mr>2 expression lasts until 
around stage 25, much longer than does the correspon- 
dence between Sonic hedgehog and Hoxd gene expression. 

Relationship of Sonic hedgehog to Induced Bmp-2 
and Hoxd Gene Expression 

The fact that the expression domains of the Hoxd genes 
diverge over time from that of Sonic hedgehog implies 
that Sonic hedgehog does not directly regulate their later 
patterns of expression. However, the later expression do- 
mains could be genetically downstream of Sonic hedge- 
hog. If this were the case, the program of Hoxd gene ex- 
pression initiated by exogenous Sonic hedgehog should 
recapitulate that seen endogenously . To test this, the ante- 
rior marginal mesoderm of early bud (stages 1 8-20) wings 
was injected at a single point under the AEft with a repii- 
cation-competent virus that expresses a chicken Sonic 
hedgehog cDN A. The Sonic hedgehog and Hoxd gene ex- 
pression domains in the infected limbs were analyzed in 
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Figure 2. Time Course of Hoxd Gene Induction Following Sonic 
hedgehog Virus Injection 

Embryos injected with Sonic hedgehog virus St the anterior wing mar- 
gin were harvested at different times after Infection, sectioned serially, 
end hybridized wl th probes for Sotf/C hedgehog, Hoxd-i 1 . end Hoxd- 1 3. 
In each instance, the endogenous expression domains are visible in 
the posterior half of the Hmo bud. Viral message and induced Hoxd-1 1 
expression are first detected In closely overlapping domains at 18 hr 
(Open arrows). Hoxd 1 3 expression Is detected at 35 hr. by Which time 
the virus has spread distally and laterally within the ectopic growth 
(closed arrowheads on bright field sections), and the Hoxd-1 1 domain 
has expanded distally and anteroprDximally such thai il resembles the 
endogenous domain. By 51 hr after Infection, the Hoxd-13 domain is 
spreading distally but occupies only a small fraction of the total Infected 
area. Anterior is to the top; distal is to the riflhl 



sectioned and intact embryos (Figure 2; data not shown). 
Viral Sonic hedgehog message is first detected approxi- 
mately 18 hr after infection at the anterior margin at the 
same time as, and approximately coextensively with, in- 
duced Hoxd-11- This suggests that Sonic hedgehog can 
rapidly induce Hoxd-11 expression and that the lag after 
injection represents the time required to achieve Sonic 
hedgehog expression. By 36 hr post infection, Hoxti-11 
expression has expanded both anteroproximally and dis- 
tally, with respect to the wedge of Sonic ftadge/jog-express- 
ing cells, into a domain that appears to mirror the more 
distal aspects of the ndogenous Hoxd-11 domain. Weak 
Hoxd-13 expression is also detected at 35 hr at the distal 
margin of the Sonic he^geftog-expressing domain. At 51 
hr after infection, the relationship of Sonic hedgehog and 
Hoxd-1 1 expression is similar to that seen at 35 hr, while 
the Induced Hoxd-13 expression has reached wild-type 





Figure 3. Sonic nedds/rog Induces Bmp-2 Expression in the Limb 
Mesoderm and AER 

A stage IB chick embryo injected with Sonfc Hedgehog virus in the 
right anterior wing bud mesoderm was harvested 30 hr after infection . 
Bmp>2 and Sonic hedgehog message were detected by two-color 
whole-mount in situ hybridization, Bmp-2 exoression is shown in pur- 
ple: the Sonfc hedgehog message Is shown in magenta. 
(A) Anterior view oi the wind, buds (ventral viow of the embryo) following 
detection of Bmp-2 alone. Induced mesodermal expression of Bmp-2 
in the injected wing is indicated by the Closed arrowhead. Bmp-2 ex- 
pression in the AER is visible as a stripe running towards the distal 
tip ol the bud. The normal extent of the AER is indicated by the open 
arrows; expression m the proxlmally induced AER extends to the open 
arrowhead. 

(B and C) Ventral views of the injected and control wings of embryo 
In (A) utainod tor Sonic hrtgehog and Bmp-2 massage. The viral mes- 
sage (red arrowhead) is detected in a sfigMly broader domain than 
the Induced mesodermal Bmp-2 expression domain. Note the endoge- 
nous Bm>2 expression domain in the posterior of the nmb bud and 
along the entire AER. 



levels and Is restricted to the distal portions ot the ectopic 
growth. Thus, the ectopic Hoxd expression domains better 
reflect their endogenous patterns of expression than they 
reflect the Sonic hedgehog expression domain. This sug- 
gests that there are multiple factors regulating Hoxd ex- 
pression and that the actions of these factors lie down- 
stream of Sonic hedgehog, 

Bmp-2 is normally expressed in two places in the early 
limb bud, in the posterior mesoderm and throughout the 
AER (Francis et^l., 1994). In injected limb buds, additional 
Bmp-2 expression is seen in both the anterior mesoderm 
and in the anteriorly extended AER. The domain of Bmp-2 
expression is slightly more restricted than that of viral ex- 
pression, suggesting a delay in Bmp-2 induction (Figure 
3; data not shown). Bmp-2 expression in both the meso- 
derm and ectoderm is thus a downstream target of Sonic 
hedgehog activity in the mesoderm. In contrast with the 
expression domains of the Hoxd genes, the endogenous 
and ectopic Bmp-2 expression domains correlate well with 
those of Sonic hedgehog. This suggests that Bmp-2 ex- 
pression is regulated more directly by Sonic hedgehog 
than Is expression of the Hoxd genes. 

The AER and Competence to Respond 
to Sonfc hedgehog 

Ectopic activation of Hoxd gene expression is biased dis- 
tally in virally infected regions, suggesting that ectodermal 
factors, possibly from the AER, are required for Hoxd gene 
induction by Sonic hedgehog. To test this, Sonic hedgehog 
virus was injected into the proximal-medial mesoderm of 
stage 21 limb buds, presumably beyond the influence of 
the AER. Although the level of Sonic hedgehog expression 
was comparable to that observed in distal injections, proxi- 
mal misexpresslon of Sonic hedgehog did not result in 
ectopic induction of Hoxtf genes or Brop-2, nor did it result 
in any obvious morphological effect (data not shown). The 
lack of gene induction following proximal misexpression 
of Sonic hedgehog suggests that exposure to Sonic hedge- 
hog alone is. insufficient to induce expression of these 
genes. 

This apparent requirement for the AER was tested more 
rigorously by injection of Sonic hedgehog virus into the 
anterior marginal mesoderm of stage 20/21 limb buds after 
the anterior half of the AER had been surgically removed. 
Embryos were allowed to develop for a further 36-48 hr 
before harvesting. During this time, the AER remaining on 
the posterior half of the timb bud promotes almost wild-type 
outgrowth and patterning of the bud. Gene expression was 
monitored both in sectioned and Intact embryos. In the 
presence of the AER, Sonic hedgehog induces both ante- 
rior mesodermal proliferation and expression of Hoxd-) 7, 
Hoxd-13, and Bmp-2. In the absence of the overlying AER, 
Sonic hedgehog does not induce either mesodermal prolif- 
eration or expression of these genes above background 
(Figure 4; data not shown). Signals from the AER are thus 
required to allow both the proliferative and patterning ef- 
fects of Sonic hedgehog on the mesoderm. 

Since application of FGF protein can rescue other func- 
tions of the AER, we sought to determine whether FGFs 
might promote mesodermal competence to respond to 
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Figure 4. Mesodermal Induction of Gene Expression by Sortie hedge- 
hog Requires the AER, Which Can 6c Substituted by FGF-4 Protein 
Embryos Irom which the anterior AER of the Wing had been removed 
and Injected with Sonic hedgehog virus either in the absence or pres- 
ence Of FGF-4-soaked beads were harvested after 36-41 hf . individual 
protocols are Indicated schematically to the left: the thickened line is 
the AER, the red syringe indicates Sonic hedgehog virus, and the blue 
circle represents an FGF-4-soaked bead. (AH* 1 ) were hybridized with 
a Hoxd-13 probe, and (GHW were hybridized with a Bmp-2 probe. 
(A and G) Unoperatud limbs showing the normal domain of Hoxd-13 
(A) and (0) expression in e Stage 25 limb Bud. AER expression 
Of Bmp-2 is not vtssble in (G) owing to the angle at which the photo- 
graph was taken. 

(B and H) This iB a control Sonic hedgehog virus Injection, and the 
AER is intact. Note anterior induction of mesodermal proliferation and 
mesodermal Hoxd-13 and Bmp-2 expression. Note alto the Induced 
AER that expresses Bmp-2 in (M). 

(C and I) Control AER removal. Neither Hox<M3 nor Bmp-2 is Signifi- 
cantly expressed in the anterior. AER expression ot Bmp-2 serves as a 
control for the completeness of AER removal (open arrowhead in PI). 
(O and J) There ia Sonic hedgehog virus, and the AER is removed. 
Note the similarity wtth (C) and (I). There is no induction of Hoxd-13 
or Bmp-2 gene expression above background and th ere is no Induction 
of mesodermal proliferation. 

(E and K) There Is an FGF-4 bead, and the AER it removed. There 
le strong induction of anterior mesodermal proliferation, and there is 
no induction of Hoxd-13 or Brm>2 expression above control levels. 
(F and g There Is Sonic hedgehog virus and the FGF-4 bead, and the 
AER is removed. There is strong induction of mesodermal proliferation, 



Sonic hedgehog. FGF-4-soaked beads were stapled to 
AER-denuded anterior mesoderm that was infected with 
Sonic hedgehog virus, in the presence of both Sonic 
hedgehog virus and FGF-4 protein, Hoxd-1hHoxd-13, and 
Bmp-2 expression are all Induced (Figure 4; data not 
shown). The expression levels and domain s of the induced 
genes are similar to their endogenous expression and to 
their Induction in the presence of the AER. Thus, Fgt-4 
can induce the competence of the mesoderm to respond 
to Sonic hedgehog. 

Sonic hedgehog atone is insufficient to Induce either 
gene expression or mesodermal proliferation in the ab- 
sence of the AER. We next asked whether FGF-4 alone 
has any effect on gene induction or mesodermal prolifera- 
tion. Application of FGF-4 in the absence of Sonic hedge- 
hog virus does not induce Hoxd or Bmp-2 gene expression 
above control levels; however, FGF-4 alone induces meso- 
dermal outgrowth (Figure 4; data not shown). These re- 
sults suggest that mesodermal gene activation requires 
direct action of Sonic hedgehog on the mesoderm and 
that the proliferation of the mesoderm in response to Sonic 
hedgehog is indirect, owing to the Induction of FGFs. 

Sonic hedgehog Induces Polarized Fgf-4 
Expression in the AER . 

Fgf4 is expressed in a graded fashion In the AER ot the 
mouse limb bud, with maximal expression at the posterior 
region of the AER tapering to undetectable levels in the 
anterior ridge (Niswander and Martin, 1992). Therefore, 
we decided to investigate whether Fgf-4 is asymmetrically 
expressed in the chick AER and whether its expression 
is induced by Some hedgehog. A fragment of the chicken 
Fgf-4 gene was cloned from a stage 22 chicken limb library 
by polymerase chain reaction (PCR) using degenerate 
primers designed from mouse Fgf4 and Xenopus e-Fgf 
sequences (based on information provided by L. Nis- 
wander and G. Martin). Assignment of gene identity was 
based on primary sequence as well as comparison of ex- 
pression patterns with that of murine Fgf4 (Niswander and 
Martin, 1992; see Figures 6 and 7; data not shown). Whole- 
mount in s'rtu hybridization analysis showed strong limb 
expression of chick Fgf*4 in the AER. FgM, like fcVnp-2, 
is expressed in the posterior end of the AER but stops 
anteriorly before the morphological end of the AER, which 
was also observed by Niswander et at. (1 994). Expression 
is first delected in the distal AER at about stage 18. As 



which expresses both Hoxd-13 and Bmp-2. Note th* anterior extent 
ot the remaining AER, which expresses Bmp-2 (open arrowhead). 

Note: In control embryos not Infected with Sonic hedgehog virus, 
weak induction Of Hoxd-11 and Bmp-2, but not Hoxd-73. expression 
is observed in the anterior mesodermal border following removal of 
the AER. The expression levels are alwsya significantly less than those 
of either me endogenous gone or that Induced by sonic hedgehog in 
the presence of a functional AER. In embryos in which the AER was 
replaced by an FGF-4 bead but was not infected wtth Sonic hedgehog 
vims, these weaX anterior expression domains of HoxeM 1 and Bmp-2 
are larger than those seen following the surgery alone. 
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Figure 5. Sonic hedgehog Induces Fgf-4 in the AER 
(A) Stage 24 limb bud Ihet was hybridized with probes tor both Sonic 
hedgehog (magenta) and Fgf-4 (purple) expression. Sonic hedgehog 
is expressed In the posterior distal mesoderm, and Fgf-4 is expressed 
in the AER, biased towards the posterior. 
(B-E) Stage 18/19 chick embryos Injected with Sonic hedgehog virus 
In the right anterior wing bud mesoderm, harvested 36 hr after Infec- 
tion, and hybridized for Fgf-4 (purple) expression (B. C. D) or tor both 
Fgf-4 and Sonic hedgehog (magenta) expression (E). (B) Anterior view 
of uninfected left wing. Fgf-4 expression within AER (closed arrow) 
does not extend as far to anterior as the morphological AER does 
(dosed arrowhead). The photo has been flipped for ease of comparison 
with the right wing (C). (C and D) Infected embryo showing Induced, 
polarized Fgt-4 expression in ectopic AER, Anterior (C) and dorsal (O) 
view 01 right, injected Wing of embryo in (B). Ectopic Fgf-4 expression 
is seen on the proximal side of induced AER (blue anrnmeed). Anterior 
extent of endogenous Fgf-4 expression la indicated by the dosed (C) 
or open (D) arrows. (E) infected embryo showing Induced Fgf-4 expres* 
sion end the extant of viral Infection . Ectopic Fgf-4 la visible at the distal 



outgrowth proceeds, the posterior bias develops. Expres- 
sion peaks around stage 24/25 and fades by stage 28/29. 

The expression domain of Fgf-4 becomes posteriorly 
biased as Sonfc hedgehog is expressed in the posterior 
mesoderm. This observation is consistent with Sonic hedge- 
hog influencing the expression of Fgf-4 in the posterior 
AER (Figure 5 A). To test the effect of Sonic hedgehog on 
Fgf-4 expression in the AER. stage 18-20 embryos were 
infected with Sonic hedgehog virus in a single point at their 
anterior margin beyond the anterior limit of the AER. The 
embryos were harvested 1-2 days later, when an exten- 
sion of the anterior AER became apparent. The expression 
of Fgf-4 was analyzed by in situ hybridization (Figures 5B- 
SE). Fgf-4 expression is induced in the anteriormost seg- 
ment of the AER, in a region that is discontinuous with 
the endogenous expression domain and that overlies the 
domain of viral Sonic hedgehog infection. This result con- 
trasts with the Bmp-2 expression induced in the extended 
AER, which is always continuous with the endogenous 
expression domain (see Figure 3; see Figure 4H). The 
asymmetry of the induced Fgf-4 expression indicates that 
Some hedgehog polarizes the extended AER, much as a 
ZPA graft does (Maccabe and Parker, 1979). Since FGFs 
by themselves are mltogenic for limb mesoderm, these 
results suggest Sonic hedgehog induces distal prolifer- 
ation indirectly, through the induction of Fgf in the over- 
lying AER. 

Reciprocal Regulation of Sortie hedgehog by Fgf-4 

Sonic hedgehog thus appears to be upstream of Fgf-4 ex- 
pression in the AER. However, since the AER is required 
to maintain polarizing activity in the posterior mesoderm 
(Vogel and Tickle, 1993; Niswander et al. ( 1993), Sonic 
hedgehog may also be downstream of the AER. If Sonic 
hedgehog is regulated by the AER and if the AER is regu- 
lated by Sonic hedgehog, this would imply that they are 
reinforcing one another through a positive feedback loop, 
To test whether the AER dependence of ZPA activity is 
controlled at the level of transcription of the Sonic hedge- 
hog gene, we assayed Sonic hedgehog expression follow- 
ing removal of the AER from the posterior half of the limb 
bud (Figure 6). Sonic hedgehog expression is reduced in 
an operated limb compared with the contralateral control 
limb within 10 hr of AER removal, indicating that Sonic 
hedgehog expression is indeed AER dependent. The de- 
pendence of Sonic hedgehog expression on signals from 
the AER suggests that one of the functions of the AER is 



margin (blue arrownead) of tho ectoderm overlying the viral infection 
(magenta stain). The anterior extent of the endogenous Fgt'4 expres- 
sion within the AER Is also indicated (dosed arrow). 

Under hybridisation conditions that optimize detection of expression 
In the ectoderm, additional Fgf-4 signal is visible In no n- AER ectoderm 
as large Rocks ot staining lateral and proximal to the ends of the AER 
expression domains (B. C. 0, E). This is not visible under hybridization 
conditions lh*t optimize detection of expression In the mesoderm (A). 
Weak expression Is also detected In the anterior marginal mesoderm 
at ankle level In stage 25/28 legs (data not shown). 

In (A) and (D), proximal Is to the left, and anterior Is to the top; In 
(B), (C), and (E), proximal is to the left, and ventral is to the top. 
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Figure 6. Mesodermal Sonic hedQ6ilog and &np-2 expression Are 
Dependent on the AEB and Can Be Rescued by FGF-4 Protein 
The posterior half AEfl Ol stage 20/21 wing bud* was either removed 
or replaced with an FGF4-aoaked bead, as indicated by the diagrams 
in Which the AEB is represented by me thick line and FGF-4 bead 
is represented by the blue circle- The embryoa without beads were 
harvested after 10 hr, and embryo* with beads were harvested after 
24 nr. Contralateral limbs ot embryos hybridized whh either Sonic 
hedgehog or amp-a probes are shown horizontally, in paira. In each 
case, Sonic hedgBhog and Bmp-2 expression are rapidly lost com- 
pared with the control bud. while the FGF4 application rescues expres- 
sion to approximately the same intensity and location as the control. 
Anterior is to the top. and proximal is towards the middle of each set 
of panels. 



to constrain Sonic hedgehog expression to the more distal 
regions of the posterior mesoderm. 

In addition to their mitogenic and compete nce-inducing 
properties, FGFs can also substitute tor the AEB to main- 
tain the ZPA, In order to test whether FGFs can support 
tho expression of Sonic hedgehog, beads soaked in FGF-4 
protein were stapled to the posterior-distal tips of limb 
buds after posterior AER removal. Embryos were assayed 



for Sonic hedgehog expression approximately 24 hr later, 
when Sonic hedgehog expression is greatly reduced in 
operated Hmb buds that had not received an FGF-4 bead 
(Figure 6). Strong Sonic hedgehog expression is detect- 
able in the posterior mesoderm, slightly proximal to the 
bead implant, and In a pattern reflecting the normal do- 
main of Sonic hedgehog expression seen in the contralat- 
eral limb. With the finding that FGF-4 can maintain Sonic 
hedgehog expression, the elements required for a positive 
feedback loop between Sonic hedgehog expression in the 
posterior mesoderm and Fgf-4 expression in the posterior 
AER are established (see also Niswander et at., 1094). 

The domain of Bmp-2 expression correlates well over 
time with that of Sonic hedgehog. We were therefore inter- 
ested to learn whether the continued expression of Bmp-2 
requires signals from the AER, and if so, whether they 
could be replaced by FGF-4. To test this, we assayed 
Bmp-2 expression following posterior AER removal and 
following its substitution with an FGF-4 bead (Figure 6). 
Bmp-2 expression fades within hours of AER removal and 
can be rescued by FGF-4. These data indicate that the 
maintenance of Bmp-2 expression in the posterior meso- 
derm, like that of Sonic hedgehog, is dependent on signals . 
from the AER, which are likely to be FGFs. 

Discussion 

Patterning and outgrowth of the developing limb are 
known to be regulated by two major signaling centers, the 
ZPA and AER. The identification of Sonic hedgehog and 
FGFs as molecular mediators of the activities of the ZPA 
and AER has allowed us to dissociate the activities of these 
signaling centers from their regulation and to investigate 
the signaling pathways through which they function. 

Our results suggest that the ability of cells to respond 
to Sonic hedgehog protein is dependent on FGFs pro- 
duced by the AER- We also find that Some hedgehog in- 
duces a cascade ot secondary signals involved In regulat- 
ing mesodermal gene expression patterns. In addition, we 
find evidence tor a positive feedback loop initiated by Sonic 
hedgehog, which maintains expression of Sonic hedgehog 
in the posterior mesoderm and Fgt*4 in the AER . The feed- 
back loop described suggests a mechanism by which out- 
growth dnd patterning along the AP and PD axes of the 
limb can be coordinated regulated. 

The Mesodermal Response to Sonic hedgehog 
We have found that only mesoderm underlying the AER 
is responsive to Sonic hedgehog because the AER is re- 
quired to provide competence signals to the limb meso- 
derm. Fgf-4, which is expressed in the AER. can substitute 
for the AER in this regard and, thus, acts in combination 
with Sonic hedgehog to promote Hoxd and Bmp-2 gene 
expression in the mesoderm. FGFs may be permissive 
factors in a number of instructive pathways as they are also 
required for activlns to pattern Xenopus axial mesoderm 
(Cornell and Kimelman, 1994; UBonne and Whitman, 
1994). 

The Induction of Hoxd and Bmp-2 expression in re- 
sponse to Sonic hedgehog and FGF-4 In the absence of 
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an AER suggests that the mesoderm is a direct target 
tissue of Sonic hedgehog protein. Sinoe Sonic hedgehog 
can induce Fgf-4 expression in the AER, it follows that 
Sonic hedgehog also acts indirectly on the mesoderm 
through the induction of competence factors in the AER. 

Downstream Targets and a Cascade of Signals 
Induced by Sonic hedgehog 

The five Abdbm/fmA-B-IIke Hoxd genes, Hoxd-9 through 
Hoxd-13, are initially expressed in a nested pattern cen- 
tered on the posterior of the limb bud, a pattern that sug- 
gests they might be controlled by a common mechanism 
(D0II6 et al., 1 989; Izpisua-Belmonte at aL t 1 991 ). Our anal- 
ysis of the endogenous and Induced domains of Hoxd 
gene expression suggests that Sonic hedgehog normally 
induces expression of Hoxd-11, -12, and -73- In contrast, 
we find that Hoxd-9 an -10 expression initiate before Sonic 
hedgehog mRNA is detectable, This implies that at least 
two distinct mechanisms control the initiation of Hoxdgene 
expression in the wing bud, only one of which is dependent 
on Sonic hedgehog. 

Several observations suggest that the elaboration of the 
Hoxd expression domains is not controlled directly by 
Sonic hedgehog but rather by signals that are downstream 
of Sonic hedgehog. The Hoxd expression domains rapidly 
diverge from Sonic hedgehog and evolve into several dis- 
tinct subdomains (C. E. N, B, A. M, A. C. Burke, E. L, E. 
DiMambro, and C. T., unpublished data). Moreover, these 
subdomains appear to be separately regulated, as analy- 
sts of the murine Hoxdl 1 gene promoter suggests that it 
contains independent posterior and distal elements (Ge« 
rard et at., 1 993). In addition, although initiation of Hoxd- 7 7 
through -13 gene expression is dependent on the AER, 
their expression is maintained following AER removal (Iz- 
pisua-Belmonte et al., 1992). As Sonic hedgehog expres- 
sion fades rapidly under similar conditions, this implies 
that maintenance of Hoxd gene expression is independent 
of Sonic hedgehog. Since ectopic Sonic hedgehog can 
induce a recapitulation of the Hoxd expression domains 
in the limb, we conclude that although indirect effectors 
appear to regutate the proper patterning of the Hoxd ex- 
pression domains, they are downstream of Sonic hedge- 
hog. Potential mediators of these indirect effects Include 
Bmp-2 in the mesoderm and Fgi-4 from the AER. 

In contrast with that of the Hoxd genes, Bmp-2 gene 
expression in the posterior limb mesoderm appears to be 
continually regulated by Sonic hedgehog. We found that 
both endogenous and ectopic Bmp-2 expression domains 
correspond to those of Sonic hedgehog. Furthermore, con- 
tinued Bmp-2 expression is dependent on the AER and 
can be rescued by FGF-4. It is likely that this is an Indirect 
consequence of the fact that Sonic hedgehog expression 
is also maintained by the AER and can be rescued by 
FGF-4. In fact, Bmp-2 expression might be a direct 
response of cells to secreted Sonic hedgehog protein. 
Bmp-2 itself is a candidate for a secondary signaling mole- 
cute in the cascade of patterning events induced by Sonic 
hedgehog. Bmp-2 is a secreted molecule of the trans- 
forming growth factor f) family, and its expression can be 
induced by Sonic hedgehog. 
This appears to be an evolutionary conserved pathway. 



as hedgehog (the Drosophila homolog of Sonic hedgehog) 
activates the expression of decapentapleglo (the homolog 
of in the eye and wing irnaginal discs (Heberlein 

et al., 1993; Ma et al., 1993; Tabata and Komberg, 1994). 
Expression of hedgehog is normally confined to the poste- 
rior of the wing disc. Ectopic expression of hedgehog in 
the anterior of the disc results in ectopic expression of 
decapenteplegic and, ultimately, In the duplication of wing 
structure with mirror-Image symmetry (Basler and Struhl, 
1994; Fietz et al., 1995). This effect is strikingly parallel 
to the phenotypic results of ectopic expression of Sonic 
hedgehog in the chick timb. 

Application of BMP-2 protein does not, however, induce 
digit pattern alterations (Francis etal., 1994). H is possible 
that Bmp*2 is only able to effect changes in pattern in 
concert with other signals downstream of Sonic hedgehog, 
or perhaps with Sonic hedgehog itself. 



Regulation of Sonic hedgehog Expression 
Sonic hedgehog expression is activated in the posterior 
of the limb bud very early during mesodermal outgrowth 
(Riddle et al., 1993). The factors that initiate this localized 
expression are not yet identified, but ectopic expression 
of Hoxbd at the anterior margin of the mouse limb bud 
results in the activation of a second domain of Sonic hedge- 
hog expression under the anterior AER (Charite et al., 
1994). Since retinoic acid is Known to be able to induce 
the expression of HoxthB and other Hox genes in vitro 
(Mavilio at al. , 1 988), it is possible that endogenous retinoic 
acid acts to make cells competent to express Sonic hedge* 
hog by inducing expression of upstream Hox genes, either 
in the very early limb bud or in the flank prior to limb bud 
formation. 

Once induced, Sonic hedgehog expression is depen- 
dent on signaJs from the posterior AER. Following its initia- 
tion in the posterior limb mesoderm, the Sonic hedgehog 
expression domain moves distally as the limb bud grows 
out, always remaining subjacent to the AER. Similarly, 
Sonic hedgehog expression can also be induced on the 
anterior margin of the limb bud by implantation of a retinoic 
acid bead, but the induced ectopic expression is limited 
to the mesoderm directly underlying the AER (Riddle et 
al., 1993). In addition, ZPA activity fades rapidly following 
removal of the AER (Niswander et al.. 1993; Voge! and 
Tickle, 1993), and ZPA grafts only function when placed 
in close proximity to the AER (Tabin. 1091 ; Tickle, 1991). 
Our observation that continued Sonic hedgehog expres- 
sion depends on signals from the posterior AER reveals 
a mechanism underlying these observations. 

The reliance of Sonic hedgehog expression on AER- 
derived signals suggests an explanation for the distal shift 
In Sonic hedgehog expression during limb development 
(Riddle et al., 1993). Signals from the AER also promote 
distal outgrowth of the mesodermal cells of the progress 
zone, which in turn results in the distal displacement of 
the AER. Hence, as maintenance of Sor»/c hedgehog ex- 
pression requires signals from the AER, its expression 
domain will be similarly displaced. 

We find that replacement of the AER with FGF-4-soaked 
beads results in the maintenance of Sonic hedgehog ex- 
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pression. This result is consistent with the previous find- 
ings that ZPA activity can be maintained in ovo and in 
vitro by members ol the FGF family (Anderson et a!., 1 993; 
Niswander et al.. 1993; Vogel and Tickle, 1993). Since 
Fgf-4 Is normally expressed in the posterior AER, these 
results suggest that Fgf-4 is the signal from the ectoderm 
involved in maintaining Sonic hedgehog expression. 

Sonic hedgehog and Regulation and Maintenance 
ol the AER 

Sonic hedgehog can induce anterior extensions of the AER 
that have an inverted polarity relative to the endogenous 
AER. This polarity is demonstrated by examining the ex- 
pression of two markers in the AER- In normal limbs, 
Bmp*2 is expressed throughout the AER, while Fgf-4 is 
expressed in the posterior two-thirds of the AER. In the 
extended AER resulting from ectopic Sonic hedgehog ex- 
pression, Bmp-2 Is again found throughout the AER. while 
Fgf-4 expression is bipha6ic, found at either end of the 
AER, and overlies the anterior and posterior mesodermal 
domains expressing Sonic hedgehog. These results are 
consistent with previous observations that anteroposterior 
polarity of the AER appears to be regulated by the underly- 
ing mesoderm and that ZPA grafts lead to the induction 
of ectopic, polarized AER tissue (Maccabe and Parker, 
1979). Our results also suggest that the normal AP polarity 
of the AER is a reflection of endogenous Sonic hedgehog 
expression. The induced AER is sufficient to promote com- 
plete PD outgrowth of the induced structures (Riddle et 
al. f 1993). Hence, whatever factors are necessary to main- 
tain the AER are also downstream ol Sonic hedgehog. 

A Positive Feedback Loop between Sonic 
hedgehog and Fgf-4 

The induction of Fgf-4 expression by Sonic hedgehog in 
the ectopic AER and the maintenance of Sonic hedgehog 
expression by FGF-4 suggest that Sonic hedgehog and 
Fgf-4 expression are normally sustained by a positive feed- 
back loop. Such a feedback loop allows the coordination 
of mesodermal outgrowth and patterning. This coordina- 
tion is possible because Sonic hedgehog patterns meso- 
dermal tissue and regulates Fgf-4 expression, while FGF-4 
protein induces mesodermal proliferation and maintains 
Sonic hedgehog expression. Moreover, mesodermal tis- 
sue can only be patterned by Sonic hedgehog in the con- 
text of a competence activity provided by FGF-4. Thus, 
patterning Is always coincident with proliferation. 

It remains possible that exogenously applied FGF-4 
might be mimicking the activity of a different member of 
the FGF family. For example, FGF-2 is expressed in the 
limb mesoderm and the AER (Dono and teller, 1994; Sav- 
age et al„ 1993) and has similar effects on limb tissue as 
does FGF-4 (Niswander and Martin, 1993; Niswander et 
al., 1993; Riley et al, 1993; Fallon et al., 1994). 



Coordinated Regulation of Limb Outgrowth 
and Patterning 

Out results suggest that Sonic hedgehog acts as a short 
range signal that triggers a cascade of secondary signals 
the interplay of which determines the resultant pattern of 



X 




W Pntlcni 

Proliferation ✓ 



Figure 7. Model for the Coordinated Growth and Patterning of the 
Umb 

Sonic hedgehog is proposed to signal directly to the mesoderm to 
induce expression oTttie Hoxd and Bmp-2 genee. The induction Of 
those mesodermal genes requires competence signets from the over- 
lying AER. One such signal is apparently Fgt-4. Expression ol Fgf-4 
in the A£A can be induced by Sonic hedgehog, providing an indirect 
signaling pathway from Sortie hedgohog to the mesoderm. FGFs also 
maintain expression of Sonic ftedgenogin the ZPA, thereby completing 
e positive feedback loop that controls the relative positions of the sig- 
naling centers, While Fgf-4 provides competence signals to the meso- 
derm, it also promotes mesodermal proliferation. Thus, patterning of 
the mesoderm is dependent on the same signals that promote its 
proliferation. This mechanism Inextricably integrates limb patterning 
with outgrowth. 



structures. The data suggest a number of inductive path- 
ways that can be combined to generate a model (Figure 
7) that describes how Sonic hedgehog, in coordination with 
the AER, acts to pattern mesodermal tissues along the AP 
limb axis while simultaneously regulating PD outgrowth. 

Following its induction, Sonic hedgehog signals to both 
the limb ectoderm and mesoderm. Sonh hedgehog im- 
poses a distinct polarity on the forming AER, including 
the posteriorly biased expression of Fgf-4, and the AER 
becomes dependent on continued Sonic hedgehog ex- 
pression. The mesoderm, as long as it is receiving permis- 
sive signals from the overlying ectoderm, responds to the 
Sonic hedgehog signal by expressing secondary signaling 
molecules such as Bmp-2 and by activating Hoxd genes. 
Bmp-2 expression is directly dependent on continued Sonic 
hedgehog expression, while the continued expression of 
the Hoxd genes rapidly becomes Sonic hedgehog inde- 
pendent. In a reciprocal fashion, maintenance of Sonic 
hedgehog expression In the posterior mesoderm becomes 
dependent on signals from the AER. Since the factors 
expressed by the AER are not only required for the mainte- 
nance of Sonic hedgehog expression and activity but are 
also mitogenic, growth and patterning become Inextrica- 
bly linked. Coordination of limb development through inter- 
dependent signaling centers forces the AP and PD struc- 
tures to be induced and patterned in tandem. The pathways 
elucidated in this study thus provide a molecular frame- 
work for the controls governing limb patterning. 



Experimental Procedures 

Unless otherwise noted, all standard cloning techniques were per- 
formed according to Ausubel et al. (1 489), and all enzymes and molec- 
ular biology reagents were obtained from Boehringer Mannheim 6lo- 
chemlcals. Sequences were analyzed using both Genetics Computer 
Group (Devereux et al., 1984) and DNAstar software (Madison. Wis- 
consin). Searches tor related sequences were done through the 
BLAST network service (Altschul et al.. 1 980) provided by the National 
Center for Biotechnology Information. 



Cloning Of Chicken FgM ind Bmp-2 

A 246 bp fragment ol the chicken Fgf-4 gene was cloned by PGR 
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from a stage 22 chicken limb bud library. Degenerate primers were 
designed against previously cloned Fgt-4 and Fgrt genes; fgf$' 
{sense). 5'-AAA AGC TTT AYT GYT AYG TIG BIA THG G* and 
tgt3' (entisense), AAT TCT AIG CRT TfiT ART TRT TO G*. 

Ctenaturation was at 94*C for 2 mtn, followed by 30 cycle* of 94°C 
(Of 30 s, 50*C (or 60 aec. and 72«C for 30 a, with b fmeJ extension 
et 72 D C for 5 mln. The PCR product was subclonad Into the Blueacrlpt 
SK(+) vector. A done was sequenced and confirmed as FgM by com- 
parison to previoualy published Fgt <t genes and a chicken Fgt-4 gone 
sequence provided by L. Nlswander. 

BMP-related sequences ware amplified from a stage 22 posterior 
limb bud cDNA library prepared in Bluescripi using primers and condi- 
tions as described by Basler el al. ( 1 893). Amplified ONAs were cloned 
end used to screen a stage 22 limb bud library prepared in XZAP 
(Stratagene). Among the cDNAs isolated was chicken Smp-2. Its iden- 
tity was confirmed by sequence comparison to the published donee 
(Francis et al., 1394) and by its expression patterns In chick embryos. 

Chick Surgeries and Recombinant Retroviruses 
All experimental manipulations were performed on White Leghorn 
chick embryos (standard specific palhogen-fr ee, S-SPF) provided by 
SPAFAB (Norwich , Connecticut). Eggs were staged according to HanV 
burger and Hamilton (1951). 

Viral supamatanta of Sonic hodgohogmC*$-A2 or 8 variant con- 
taining an Influenza homaglutinin epitope tag at the carboxyl terminus 
Of the Sonic hedgehog protein {Sonic heo$enog7.1/RCAS-A2, function- 
ally Indistinguishable from Sonic necfcshog/RCAS-A2) were prepared 
as described (Hughes el al- t 1987; Fekete and Cepko. 1003: Riddle 
et al., For focal injections, the right winga Of Stage 18-21 em- 
bryos were transiently stained with rile blue sulfate (O.Qt mg/ml tn 
Ringer's solution) to reveal the AER. A trace amount of concentrated 
viral supernatant was injected beneath the AER. 

The AER was removed using electrolyticaJly sharpened tungsten 
wire needleB. Some embryos had a heperin-ecrylle bead soaked in 
. FGF-4 solution (0.8 mg/ml; a gift from Ihe Genetics Institute) or PBS 
Stapled lo the limb bud with a piece of 0.025 mm platinum wire (Good- 
fellow [Cambridge, England!) essentially as described by Nlswander 
etal. (1933). 

Limbs thatwere infected with Son/chooVenog/RCAS virus after AER 
removal were Infected over a largo portion of the denuded mesoderm to 
ensure substantial infection. Those embryos that received both an 
FGF-4*«oaked bead and virus were infected only underneath the bead- 

In Situ Hybridizations and Photography 

Single-color whole-mount in situ hybridizations were performed aa de- 
scribed (Riddle et al., 1B93). Two-color whole-mount In aitu hybridiza- 
tions were performed aaaantially aa described by Joweti and Lattice 
(1994). The aecond color detection was developed using 0.125 mg/ml 
magertta-phoa (Blosynlh International [Skokie. Illinois]) as the aub- 
alrale. Radioactive In situ hybridizations on 5 urn sections were per- 
formed essentially as described by Tesserollo et al. (1962). 

The following probes were used for whole-mount and section in situ 
hybridizations: Sonic hedgehog, a 1 -7 kb fragment of pHH2 (Riddle et 
al., 1 993); 8m/V2, a 1 5 kb fragment encoding the entire open reading 
frame; FjJm, a 250 bp fragment described above; Hoxd>1 1 , a 800 bp 
fragment; HbxCM 3, a 400 bp fragment both including 5' untranslated 
Bequences and coding sequences upstream of the homeobox; and 
RCAS, a 900 bp Sait-Clal fragment of RCAS (Hughes et al.. 1987). 
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